Abstract-A Wide-Band (WB) radio frequency (RF) system has been thoroughly developed in order to measure the Subcutaneous Fat (SF) thickness in the abdominal region of humans. Recent conducted research has shown that the SF thickness is related to the thickness of internal fat called Visceral Fat (VF), which has important health implications, and therefore cannot be measured accurately by non-invasive techniques. Thus, this proposed noninvasive RF system offers the possibility of measuring the SF thickness and then estimating the VF thickness. The investigation details work carried out to optimise the penetration depth and the range resolution. These considerations resulted in a Gaussian pulse with a 1.45 GHz centre frequency and 462 MHz bandwidth being selected for the system. This has been implemented using an accurately designed compact antenna based on double-ridged horn (DRH) inside a high-permittivity material, which has been designed using the CST Microwave Studio (MWS) software. The employed abdominal model consisted of three layers: skin; fat, and muscle. The WB pulse has been directed at the model, and the reflections recorded for several SF thicknesses, including an infinitely thick layer, which provided the reference system pulse to compare the other cases with. This successfully demonstrated the principles of the system operation, with SF thickness of 10 to 30 mm being accurately measured, based on amplitude variations and also time shifting, in the proposed RF system.
I. INTRODUCTION
Obesity or increasing weight in humans as they reach middle age is one of the main concerns of the health watch specialists, as the proportion of fat in the body is related to poor health [1] ; increasing the risk of a range of health dilemmas such as metabolic disorders, hyperlipidemia, hypertension, diabetes mellitus, and cardiovascular disease [2] . Most of these fat cells will accumulate and be stored in the upper body especially the abdomen, waist and thighs. Abdominal fat is more relevant to health care as these fats are closer to important organs such as liver, spleen, gallbladder, kidneys, and other internal organs. These fats can act like a gland or endocrine organ that produce hormones and other substances like leptin which release after meal to dampens appetite, adiponectin that influence the response of cells to insulin, and substances like cytokines. These hormones can boost the risk of cardiovascular disease by promulgating insulin resistance and triggering low level inflammation, a risk factor for heart disease and other chronic conditions. While obesity can also play a critical role in a person's self-esteem and confidence [3] . Research and clinical experiments over accumulating of the abdominal fat and its correlation to the health risk make researchers and health watchers keen to be able to measure amount of the fat in each layer. There are few techniques which are developed in order to measure the quantity of fat such as: Magnetic Resonance Imaging (MRI) [6] ; Computed Tomography (CT) [7] ; Multi-Frequency Body Composition Analyser (MC-180MA) [8] ; and other techniques [9] [10] . The proposed RF system uses WB technology which involves high bandwidth radio-waves (typically ~ 500 MHz), and was originally aimed at the short-range wireless communication channels. This technology requires a low power level and can be used for short-range or indoor applications. It utilises a large portion of radio spectrum that can improve the speed, resolution, and reduce interference of data transfer compared with other current technology available on the market. This study tries to highlight the fact that the measurement of the SF is possible using the proposed WB technique which has improvements over other known techniques such as eliminates ionizing effect, improving resolution, reducing cost. Also, the research is motivated by the previous research conducted on the dielectrically scaled antenna and matching the source pulse with respect to target pulse for biomedical sensors [11] . The aim of this research is to measure the thicknesses of SF using the WB signals, and therefore VF in the abdominal region. In the abdominal region, the SF layer is between the skin and the muscle. For normal average age humans, previous research has estimated thickness of each of the layers as approximately 1.5-2.5 mm of skin, 16 mm of SF, and 20-30 mm of muscle [5] . The permittivity of each of these layers is given in table 1. The information is used to determine the preliminary model, which has the following layer thicknesses: 2 mm of skin, 10-30 mm of SF, and infinite muscle. In practice, because of the penetration depth and the permittivity of the muscle, there are no reflections expected from anything behind the muscle, and therefore the infinite muscle thickness is just a convenient boundary condition for the proposed system model.
II. SYSTEM MODELLING AND METHODOLOGY
This section discusses the system design issues. There are some important potential factors that are taken into account to achieve a functioning RF system for the intended objectives.
Pulse shape: Each pulse has its own shape that can be used for different purposes based on the application such as data rate and resolution. Centre frequency: The pulse centre frequency is important, as it can determine the penetration depth of pulse into a medium. Bandwidth of pulse can determine the system resolution and how easy it is to implement.
A. Pulse Type
After some research two types of pulses were considered for the system. The step time (ST) pulse and the Gaussian pulse. However, after further research and simulation, the ST pulse is found to have several disadvantages, such as the energy not decaying very rapidly, as the time signal never stops [12] . Hence, the pulse is then selected to be used in the system. The Gaussian pulse is named after the Gauss function due to the similarity of their mathematical definitions, as shown in equation (1) where 's' is defined as the standard deviation:
Gaussian pulses are normally used in ultra-wideband (UWB) systems, and have a very wide bandwidth. However, in this system, this type of pulse can be used with a reduced bandwidth, as it is still gives acceptable results. The pulse is initially produced at low frequency, and then is modulated with a high frequency sine-wave to shift to high frequency.
B. Penetration Depth
The propagation constant of the each model layer can be defined as = , where is the attenuation constant, is the phase constant, and is the skin depth constant which can be defined by equations (2)-(4), respectively [13] :
where is the conductivity; = 2 is the angular frequency, is the permittivity of free space, and is the permeability of free space.
In considering the frequency dependent penetration depth of each tissue type, a pulse centre frequency of ~1.45 GHz is considered as the optimum value. Table 1 lists the penetration depth, derived from these equations, at this frequency. These values are also used throughout the paper for characterisation.
C. Dielectric Properties
The tissue types are essentially treated as dielectrics and as such the material properties are characterise by the relative permittivity ( ) and conductivity ( ). The complex relative permittivity is defined as equation (5): = (5) where, is the real part of the relative permittivity, and is the imaginary part or the loss factor, and is given by (6) as:
The reaction of any material to the electric field comprises of a physical shift of charge and also the kinetics of the shift. This varies with frequency and gives rise to the material properties. This reaction can be modelled either in terms of a resonance or a relaxation. The Debye model is employed in order to characterise the conductivity in terms of a relaxation time ( ). The first and second order of Debye equations are given in equations (7) and (8); and are used to analyse the dielectric properties of biological tissue in various frequencies [13] .
where, is the complex permittivity; is relative static permittivity at low frequencies; and is the relative optical permittivity at high frequencies. D. System Overview System is benefiting from enormous numbers of features in which some has been specified and discussed transitory previously. In this part of the paper some of these features that have more impact on the system will be pointed out to express the novelty of the system. The first and important element that the system is using during its operation is the WB pulse that found as a potential candidate based on the features such as illuminating ionising effect, low power, and therefore low cost as well as being safe for the biomedical systems. The centre frequency of below 1.5 GHz and bandwidth of ~ 500 MHz characterised as a significant centre frequency and bandwidth based on the satisfactory penetration depth and range resolution provide for the RF system. The DRH antenna has been picked based on its superlative aspects such as directivity and gain and has been scaled down by using the technique of integrating the antenna in the ceramic with permittivity close to the skin. The technique will eliminate the huge expect reflection from the interaction of the skin with the free space. However, in practice there is a need for the gel with the same permittivity in order to illuminate the remaining mismatch. Finally, the pulse has been transmitted through the proposed model and the reflected pulse is recorded and is subtracted from the reflected pulse which is result of the interaction of the skin and SF layer that achieves in the simulation by simply placing the infinite layer of the SF in the RF model. This removes all the unwanted reflected pulse from the received pulse which left the system with the intended reflected pulse that result of interaction of the SF layer with the muscle layer. The results are then compared with the reference produced graphs result to estimate the thickness of SF layer.
III. SYSTEM SIMULATIONS

A. System Design and Simulation Results
The DRH antenna is designed in the CST-MWS software with the background material of a high permitivity ( = 41) which makes the design compact with dimensions as: L = 29.845; W = 32.435; H = 26.48; and angle of 18.08˚. The antenna has 462 MHz bandwidth within -10 dB point operating between 1.19 GHz-1.65 GHz. The centre frequency of the design has its best performance at 1.45 GHz that goes to -28 dB point, along with directivity gain of around 9.76 dB at its centre frequency, which all are acceptable for the proposed RF system.
In order to specify the optimum location for the antenna with respect to the model, the according calculations are performed for the far-field region, as in equation (9) 
where, is the wavelength; c is is the speed of light; f is the centre frequency; is the permittivity of the environment of the antenna; is the distance of tissue from the antenna; and D is the maximum dimension of the aperture of antenna. The modelled tissue has been placed 60 mm apart from the antenna feeding that has been found as an effective region with respect to the far-field region and the penetration depth (i.e., fig. 1 ). As fig. 2 presents the Gaussian pulse is generated using the CST-MWS by selecting the lower and higher RF frequencies (i.e., 1.19-1.65 GHz) in the time-solver. The proposed RF approach is to first transmit the pulse to the model using the DRH antenna, and then to record the received pulse, with respect to the knowledge of the received pulse (i.e. the combination of all the reflected ones formed by interaction of one layer to the other). The next step is then to extract the reflected pulse that formed from interaction of the SF layer with the muscle layer from the overall received pulse. This is being implemented in the simulation by changing the model structure to have infinite SF layer, where the transmitted pulse will be absorbed within the SF region. Hence, the reflected RF pulse contains all reflection up to the SF layer as the skin layer thickness and the distance of the antenna from the model more or less stay the same, and finally this pulse is subtracted from the overall received pulse. The subtraction procedure outcome is in fact the only reflected pulse from the interaction of the SF layer with muscle layer, and is generated using the MATLAB. This process has been repeated for five model cases where the SF thickness iterates 5 times from 10-30 mm, in which each case the value of 5 mm SF is added to the previous case and then results have been transferred back to the MATLAB to be subtracted from the infinite SF layer case individually ( fig. 3 ).
Figs. 4 (a) and (b) present the estimated table values for the amplitude, and the time, respectively. The amplitude drop and also the time delay in all the cases where the SF layer has been differed from 10 mm to 30 mm by iteration thickness of 5 mm at the highest picks within the expected time frame have been recorded and then generated based on fig. 3 (b) . The graphs have been generated using the Excel software for both tables, in order to be able to generate the equations that can predict the unknown points in both cases (i.e. amplitude and time); as well as the graph based on changes in the thickness of the SF layer (which is used as a reference point). The results of a number of points that are obtained based on the generated equations mentioned previously, are then simulated and shown the approximate agreement which can prove this RF approach. Fig. 3 (a) . Fig. 3 (b) . Fig. 3 . The reflected pulses, in the five scenarios that fat layer thickness is increased from 10 mm (red) to 30 mm (black) with 5 mm iterations. 
IV. DISCUSSIONS
The developed methodologies and the presented simulations are in well agreement according to the following issues:
The selected Gaussian pulse with a centre frequency of 1.45 GHz that refers to the penetration depth of the pulse and the bandwidth of 462 MHz that refers to the system resolution have significant performance with respect to the equations as well as simulation. By moving centre frequency and therefore bandwidth to lower or higher frequencies one of the important factors (penetration depth or resolution) may affect the overall RF system performance.
The proposed method of emerging the antenna inside the high permittivity material is used in the system to not only scaling down the RF antenna size; more over to illuminate the huge reflection result of interaction of the free space with the skin layer.
The technique of the reflected-based system in time-domain has been used previously based on the overall reflected pulse; however, in this proposed technique it is benefiting from the extracting specific SF layer pulse from the overall reflected pulses in order to classify the amplitude change and also time shifting, which can increase the resolution and hence rise of the accuracy. This RF technique employs the known data retrieved from the mediums such as skin thickness and their behaviour to the electromagnetic (EM) field to extract the unknown data, such as SF thickness, from the overlapped data.
V. CONCLUSION
The time-domain results demonstrate that the measurement of the SF layer within the range thickness of 10-30 mm is possible based on the proposed WB system; by extracting the data from the RF reflected pulses using subtraction technique of common layers reflection from the overall reflected pulse. The WB technique proves that this technique is in fact potentially useful for the future RF-based biomedical systems and devices in order to measure and detect the SF layer along with other tissue layers. The presented simulation results will also be validated against the known patient data, as part of the future work.
